Thrombospondin-1 (TSP1), via its necessary receptor CD47, inhibits nitric oxide (NO)-stimulated soluble guanylate cyclase activation in vascular smooth muscle cells, and TSP1-null mice have increased shear-dependent blood flow compared with wild-type mice. Yet, the endothelial basement membrane should in theory function as a barrier to diffusion of soluble TSP1 into the arterial smooth muscle cell layer. These findings suggested that endothelial-dependent differences in blood flow in TSP1-null mice may be the result of direct modulation of endothelial NO synthase (eNOS) activation by circulating TSP1. Here we tested the hypothesis that TSP1 inhibits eNOS activation and endothelial-dependent arterial relaxation.
Introduction
The vascular endothelium is a critical regulator of blood vessel tone through its production of the bioactive gas nitric oxide (NO). NO is generated in the endothelium by the conversion of L-arginine to L-citrulline catalysed by the NADPH-dependent enzyme endothelial NO synthase (eNOS), which requires Ca 2+ /calmodulin, flavin adenine dinucleotide, flavin mononucleotide, and tetrahydrobiopterin (BH 4 ) as co-factors. 1, 2 Constitutive production of NO by endothelial cells promotes blood flow by inhibiting vascular smooth muscle cell (VSMC) contracture and platelet aggregation. 3 NO-stimulated cGMP synthesis causes VSMC relaxation and decreases arterial vascular resistance by stimulating the dephosphorylation of myosin light chain-2. 4 As such, endothelial NO is a central regulator of vascular health and blood pressure. Recently, we reported that the matricellular protein thrombospondin-1 (TSP1), via its necessary receptor CD47, limits NO signalling in vascular cells through inhibiting NO-stimulated cGMP production by soluble guanylate cyclase (sGC). 5 -7 TSP1-null, and CD47-null mice both show increased shear-dependent changes in tissue blood flow and greater decreases in blood pressure to an NO challenge compared with wild-type animals. 8, 9 However, in the absence of disease or injury, TSP1 is primarily found as a soluble circulating blood protein and in platelet alpha granules. With a mass of 450 kDa, TSP1 is theoretically too large to cross the endothelial basement membrane and thus, under normal conditions, should not directly engage the VSMC layer of resistance arteries. Thus it was not clear how circulating TSP1 limited tissue and blood flow responses unless it also limited primary eNOS activation and endogenous NO production. Our present work tested the hypothesis that TSP1 regulates eNOS activation and endothelial-dependent vasorelaxation.
Methods
Detailed Materials and Methods are available online in the Supplementary material.
Animals
Wild-type, TSP1-null, and CD47-null mice were housed under pathogenfree conditions and had ad libitum access to filtered water and standard rat chow. Experiments and handling and care of animals conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996), and were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh.
Reagents
TSP1 was isolated from fresh human platelets as previously described 10 or purchased from Athens Research & Technology (Athens, GA, USA). The recombinant signature domain of TSP1 (E123CaG1) was kindly provided by Dr Deane Mosher (University of Wisconsin at Madison). All other chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA).
Cell cultures
Bovine aortic endothelial cells (BAEC) and human umbilical vein endothelial cells (HUVEC) were obtained from Lonza Group Ltd (Switzerland) and maintained in manufacturer provided growth medium. Murine endothelial cells were harvested as previously described. 5 
Intracellular cyclic nucleotide measurement
Intracellular cGMP levels were determined using an enzyme immunoassay (Amersham, GE Healthcare, UK) as previously described. 5 Data were normalized to microgram of protein with a BCA Assay kit (Pierce Biotechnology, Rockford, IL, USA).
eNOS activation assay
Endothelial cells were serum starved in endothelial basal medium plus 0.1% BSA. Treatment agents were added for 15 min prior to cell stimulation using acetylcholine (ACh) (10 mmol/L). Cells then received [ 3 H]-L-arginine (Perkins Elmer). The assay was terminated and cell lysate added to pre-equilibrated Dowex-50-H + columns. Equal volumes of eluate were quantified using a 1900CA Liquid Scintillation Analyzer (Packard). All conditions were assessed in triplicate, and all experiments were repeated at least three times. 
Endothelial cell calcium flux

Immunoprecipitation and western blotting
Cells and tissue (arterial, skeletal muscle, and lung) were homogenized in lysis buffer and western blots or immunoprecipitation for the indicated target proteins were performed.
Analysis of tissue eNOS expression
Cells and tissue (arterial, skeletal muscle and lung) obtained from age-and sex-matched wild-type, TSP1-null, and CD47-null mice were snap frozen in liquid nitrogen and pulverized. Chilled lysis buffer was added to pulverized tissue and incubated on ice for 10 min. Each lysate was passed through a 23-gauge needle 10 times, briefly sonicated, and then centrifuged for 10 min at 10 000 g. The supernatants were snap frozen and stored at 2808C for later analysis by western.
Analysis of tissue sGC expression
Murine lung tissue (wild type, TSP1-null and CD47-null) was harvested and processed with a Dounce homogenizer with ice cold RIPA lysis buffer. Protein content was determined, cell lysates subjected to SDS -PAGE on 4 -12% gels, and the separated proteins transferred to Immobilon-P transfer membranes. sGCa1 was detected with a polyclonal anti-sGCa1 antibody, sGCb1 was detected with a polyclonal anti-sGCb1 antibody, and actin was detected with a monoclonal anti-a-actin antibody.
Ex vivo arterial dilation studies
Arterial segments (3 m in length) were mounted in a dual wire myograph system (Multi Myograph Model 610M), allowed to equilibrate, and tone normalized to 9.98 mN. Concentration-response curves to phenylephrine (PE) were carried out and a dose that produced 80% maximum contraction (EC 80 ) was chosen for establishing vascular tone.
Internal blood pressure measurement via telemetry
Blood pressure was measured by implanted telemetric transducers as previously described. 9 For a discussion of dosage determination, see the detailed Supplementary material online, Materials and Methods.
Statistics
All studies were performed a minimum of three times. Statistical significance was calculated using two-way ANOVA as appropriate with a P-value ,0.05 taken as significant using standard software (Origin 7, Origin Labs). Comparison of dose-response curves was carried out using a two-way ANOVA on non-linear regression fitted curves, followed by a Bonferroni post hoc test. Figure 1A) . TSP1 inhibited basal eNOS activity at concentrations ≥0.022 mol/L. Consistent with a role for the TSP1 receptor CD47 in limiting eNOS activity both TSP1-and CD47-null endothelial cells demonstrated increased basal enzyme activity ( Figure 1B ). Due to protein adsorption onto surfaces and the known sequestering of TSP1 by tissue matrix and proteoglycans, subsequent studies were performed with 2.2 nmol/L of TSP1 which is more than the minimal active concentration determined under serum-free conditions (and a concentration 10-fold higher than the mean plasma level of healthy persons 11, 12 ) but still within the range reported in certain disease situations.
Results
TSP1 limits basal eNOS activity
[ 3 H]-L-arginine to [ 3 H]-L-citrulline (
TSP1 blocks eNOS activation by ACh
ACh is a physiological activator of eNOS. 13, 14 Endothelial cells treated with ACh demonstrated increased L-citrulline production, and this was blocked by pre-treatment with 2.2 nmol/L TSP1 ( Figure 1C ). TSP1 also blocked ACh-stimulated increases in cGMP levels ( Figure 1D ).
TSP1-mediated inhibition of eNOS activation does not occur through substrate limitation
Post-translational regulation of eNOS occurs through multiple mechanisms including control of its substrates and co-factors. 2, 15 We excluded one mechanism for indirect inhibition of NO synthesis by verifying that TSP1 does not inhibit carrier-mediated uptake of L-arginine into endothelial cells under conditions in which citrulline synthesis was inhibited (data not shown).
TSP1 modulates agonist-stimulated calcium transients in endothelial cells and murine aortas
ACh and ionomycin both activate eNOS in a calcium-dependent manner. 16 -18 HUVEC showed a sustained rise in intracellular calcium in response to ionomycin. However, the sustained phase of Ca 2+ stimulated by ionomycin was reduced in cells treated with TSP1 compared with control cells ( Figure 1D and E). En face confocal imaging of the endothelium in wild-type arteries further demonstrated that TSP1 applied to the endothelial layer significantly suppressed the agonist-driven calcium wave ( Figure 1F ) (quantified as the area under the curve).
TSP1 inhibits agonist-stimulated phosphorylation of eNOS
eNOS activation by ACh and ionomycin is associated with increased phosphorylation at residue serine 1177 in human eNOS. 19 Treatment of HUVEC with TSP1 blocked both ionomycin-and ACh-stimulated eNOS phosphorylation at serine 1177 ( Figure 2A and B). Aortic segments from wild-type mice treated with ACh showed enhanced eNOS phosphorylation at serine 1177 which was blocked by endothelial cell treatment with TSP1 ( Figure 2C ).
TSP1 inhibits agonist-stimulated interactions between eNOS and Hsp90
Hsp90 is a chaperone protein that associates with eNOS and promotes correct folding and activation of the enzyme. 20 Consistent with its ability to limit eNOS activation, we found on co-immunoprecipitation that TSP1 inhibited ACh-stimulated association of eNOS with Hsp90 ( Figure 2D ).
Soluble TSP1 inhibits eNOS-dependent arterial relaxation
Effects of TSP1 on endothelium-dependent relaxation of murine thoracic aortas were studied with myography. Arterial relaxation to ACh in wild-type vessels was inhibited following endothelial treatment with physiologic levels of TSP1 (0.22 nmol/L) ( Figure 3A) , while higher concentrations (2.2 nmol/L) further shifted the response curve to ACh and decreased the maximum vasorelaxation response. The signature domain of TSP1, E123CaG1, that specifically binds CD47 also inhibited ACh-stimulated vasorelaxation ( Figure 3B and Table 1 ). Ionomycin, through activating eNOS, can stimulate arterial relaxation 21 and TSP1 also inhibited ionomycin-stimulated vasorelaxation ( Figure 3C ).
CD47 is necessary for TSP1 inhibition of endothelial-dependent vasorelaxation
eNOS-dependent arterial relaxation is enhanced in TSP1-null vessels compared with the wild-type ( Figure 4A and Table 1 ). CD47-null arteries also demonstrated enhanced ACh-stimulated vasodilation compared with the wild-type (data not shown). Conversely, treatment of the endothelial lining of TSP1-null vessels ( Figure 4B ), but not CD47-null vessels ( Figure 4C) , with TSP1 inhibited ACh-stimulated vasorelaxation ( Figure 4B ). Altered responses in the null vessels might result from differences in eNOS or sGC protein levels. However, eNOS protein levels did not differ in arterial segments or skeletal muscle samples from wildtype and null mice ( Figure 4D) . Likewise, sGC protein levels were comparable in wild-type and TSP1-null mice. However, a change in the ratio between sGCb1 and sGCa1 protein levels was noted in CD47-null samples ( Figure 4E ). Enhanced vasorelaxation of null arteries could also result from downregulation of vasoconstrictor pathways. Endothelin-1 (ET-1) is a key endogenous vasoconstrictor. 22 Analysis of ET-1 and its receptors ET A and ET B in arteries from wildtype and null mice demonstrated no significant differences in protein levels between wild-type and TSP1-null vessels, but ET A and ET B levels were significantly decreased in CD47-null vessels ( Figure 4F ).
TSP1 potentiates arterial vasoconstriction
Arterial tone represents a balance between vasorelaxation and vasoconstriction. 23 Consistent with their enhanced endothelial-dependent vasorelaxation, TSP1-and CD47-null arteries demonstrated decreased vasoconstriction to PE compared to wild-type vessels ( Figure 5A and B). Inhibition of eNOS with L-nitro-arginine methyl ester (L-NAME) corrected resistance to PE-stimulated vasoconstriction in TSP1-null ( Figure 5C ) and CD47-null arteries (see Supplementary material online, Figure S1A ), as did manual removal of the endothelium (data not shown), suggesting that elevated eNOS activity, in the absence of TSP1 and CD47, accounts in part for decreased responses to PE in TSP1-and CD47-null vessels. This is also supported by our findings that wild-type vessels (similar to null vessels) demonstrate increased vasoconstriction to PE on mechanical removal of the endothelium ( Figure 5D ). Additionally, TSP1 treatment of endothelium-intact wild-type vessels blunts vasorelaxation to the combination of exogenous NO from sodium nitroprusside (SNP) and endogenous NO from eNOS ( Figure 5E ). However, when the eNOS component of relaxation is removed by pre-treating the vessels with L-NAME, TSP1 is incapable of inhibiting SNP-stimulated vasodilation ( Figure 5F ). Similarly, vasodilation in endothelial-intact wild-type arteries to the pure NO donor diethylenetriamine NO (DETA/NO) is inhibited by soluble TSP1 and L-NAME pre-treatment blocks this effect (see Supplementary material online, Figure S1B and C). In an endothelial-denuded vessel, TSP1 could gain access to the smooth muscle cells to inhibit NO-stimulated relaxation, and an intact endothelial layer should represent a relative barrier to diffusion of soluble TSP1 into the VSMC layer of arterial segments. However, in light of reports that L-NAME inhibition of NOS increases arterial sensitivity to sydnonimine and SNP, 24, 25 responses of L-NAME treated wild-type arterial segments ( Figure 5F and see Supplementary material online, Figure S1C ) suggest that exogenous TSP1 may also alter sensitivity of the VSMC compartment to exogenous NO. Differences between wild-type and null arteries due to altered vasoconstrictor signalling in the null vessels are unlikely because responses to KCl were similar in wild-type, TSP1-null, and CD47-null vessels ( Figure 5G ). Finally, in keeping with the ability of TSP1 to limit eNOS-dependent vasorelaxation, treatment of the endothelium of wild-type arteries with TSP1 ( Figure 5H ) or a CD47-binding domain of TSP1, E123CaG1 ( Figure 5I ), significantly potentiates PE-stimulated vasoconstriction.
Circulating TSP1 limits ACh-stimulated changes in mean arterial pressure
To assess the in vivo role of circulating TSP1 in regulating eNOS-dependent vasorelaxation and blood pressure, age-matched male wild-type and TSP1-null mice bearing telemetric pressure transducers were treated with ACh (0.08 mg/gram weight i.v.; see Thrombospondin-1 limits eNOS activation the Supplementary material online, Materials and Methods for details on dosage determination) and mean arterial pressure (MAP) measured ( Figure 6A) . TSP1-null mice demonstrated a significant decrease in MAP following ACh treatment. A similar dose of ACh in wild-type animals did not result in a change in MAP, suggesting that circulating levels of TSP1 in the blood are sufficient to limit eNOS activation by this dose of ACh. The administered dose of ACh minimally altered heart rate in either strain of animals (data not shown), suggesting that the hypotensive effects in TSP1-null animals were due to endothelial-dependent vasorelaxation and not secondary to ACh-stimulated bradycardia. Importantly, pre-treating TSP1-null mice with intravenous TSP1 (14.7 pmol/gram weight), which was previously shown to significantly elevate circulating plasma TSP1 levels for over 6 h, 26 blocked the ACh-stimulated decrease in blood pressure in null mice ( Figure 6B ).
Systemic administration of TSP1 increases blood pressure in mice
Circulating levels of TSP1 have been found to be elevated in several conditions associated with decreased tissue blood flow and elevated blood pressure including type I diabetes, 27 dermatomyositis, 28 systemic sclerosis, 29 and sickle cell disease. 30 Treating transducer bearing wild-type and TSP1-null mice with intravenous TSP1 (22 pmol/gram body weight) acutely elevated MAP in wild-type and TSP1-null mice (P , 0.05, Figure 6C ).
A CD47 antibody alters blood pressure in wild-type and TSP1-null mice
To further explore the role of TSP1-CD47 signalling on blood pressure, mice were treated with CD47 antibody and blood pressure measured via telemetric transducer. Mimicking intravenous TSP1, antibody engagement of CD47 increased mean and diastolic blood pressure significantly in TSP1-null mice and MAP in wild-type mice ( Figure 6D and E) . An isotype-matched control antibody did not change blood pressure (data not shown). TSP1-null vessels were determined to ACh (A). Data represent the mean + SD of six TSP1-null and four control vessels. P , 0.001 TSP1-null compared with wild-type on two-way ANOVA and Bonferroni post-test. Vasorelaxation to ACh was determined in TSP1-(B) and CD47-null (C) aortic segments before and after the treatment of the luminal endothelium with TSP1 (2.2 nmol/L). Data represent the mean + SD of four TSP1-null vessels and five CD47-null vessels. Two-way ANOVA analysis and Bonferroni post-test of the significance of TSP1 treatment of TSP1-null arteries on AChstimulated vasorelaxation showed P , 0.0028 compared with untreated TSP1-null arteries. Lysates from thoracic aortic segments (n ¼ 3 vessels per strain) and vastus medialis muscle biopsies from age-and sex-matched wild-type and null mice were probed by western analysis for total eNOS (D). For each tissue type, representative blots of three experiments are presented. Lung tissue from age-and sex-matched wild-type, TSP1-and CD47-null mice was processed for western analysis of sGC subunits a1 and b1 (E). A representative blot of three experiments is presented. Lysates from thoracic aortic segments from age-matched male wild-type, TSP1-and CD47-null mice (n ¼ 3 animals per strain) were probed via western analysis for ET A , ET B , and ET-1 (F). For western blots, expression was quantified by densitometry calculated by measuring intensity of bands using Image J and normalized to b-actin expression.
Thrombospondin-1 limits eNOS activation Figure 5 TSP1 potentiates PE-stimulated vasoconstriction. Vasoconstriction to PE was determined in wild-type and TSP1-null arteries (A) or wildtype and CD47-null arteries (B). Data represent the mean + SD of eight vessels from each strain (A) and 12 vessels from each strain (B). Two-way ANOVA analysis and Bonferroni post-test of significance of PE-stimulated vasoconstriction in wild-type vs. TSP1-and CD47-null arteries showed P , 0.0001. Vasoconstriction to PE+L-NAME (100 mmol/L) was determined in wild-type and TSP1-null arteries (C ). Data represent the mean + SD of five vessels of each strain. Two-way ANOVA analysis and Bonferroni post-test of significance of PE-stimulated vasoconstriction in wildtype vs. TSP1-null vessels showed P , 0.0001 compared with no difference in significance in vasoconstriction in wild-type and null vessels treated with PE + L-NAME. Changes in arterial tone to PE were determined in wild-type vessels with and without endothelium (D), in wild-type vessels with intact endothelium to SNP + TSP1 (2.2 nmol/L) (E) and in L-NAME (100 mmol/L) treated wild-type vessels to SNP + TSP1 (2.2 nmol/L) (F). Data represent the mean + SD of 26 vessels with intact endothelium, 11 denuded vessels, four vessels treated with SNP, and four vessels treated with SNP + TSP1. Two-way ANOVA analysis and Bonferroni post-test of significance between endothelial intact vs. denuded vessels showed P , 0.0001 and between vessels treated with SNP vs. SNP + TSP1 showed P , 0.0003. Vasoconstriction in wild-type, TSP1-null, and CD47-null vessels was determined to KCl 
Discussion
TSP1, via its receptor CD47, limits NO signalling in isolated endothelial cells, VSMC, and platelets by inhibiting NO-stimulated cGMP production by sGC. 5 -7 On the basis of its mass of 450 kDa, TSP1 is theoretically too large to cross the subendothelial basement membrane in normal physiologic states. Therefore, circulating TSP1 should not directly influence VSMC NO/cGMP signalling in intact vessels and yet TSP1-and CD47-null mice demonstrate enhanced shear-dependent changes in blood flow, 8 and vascular endothelial
cells from null animals demonstrate increased basal cGMP levels. Figure 6 Circulating TSP1 limits endothelial-dependent changes in blood pressure and is a hypertensive on acute administration. Age-matched male wild-type and TSP1-null mice bearing telemetric pressure transducers were treated with i.v. ACh (0.08 mg/gram weight) and MAP determined (A). TSP1-null mice were pre-treated with intravenous TSP1 (14.7 pmol/gram body weight) and followed 3 h later by i.v. ACh and MAP determined (B). Age-matched male wild-type and TSP1-null mice were treated with intravenous TSP1 (22 pmol/gram body weight) and MAP determined via telemetry transducer (C). Results represent the mean + SD over a 2 h time interval post-administration of four animals of each strain. P , 0.05 compared with untreated. Age-matched wild-type and TSP1-null male mice received a CD47 antibody (clone 301, 4 mg/gram weight) or vehicle (normal saline) and the change in MAP and diastolic blood pressure determined via telemetric transducer. Results represent the mean + SD over a 2 h time interval post-administration of eight animals of each strain.
Thrombospondin-1 limits eNOS activation
We demonstrate herein that circulating TSP1 in vivo blocks endothelial-dependent decreases in blood pressure through limiting both basal-and agonist-stimulated eNOS activation. , and limits association with Hsp90. Thus, TSP1 modifies eNOS activity through altering cellular calcium signalling, protein phosphorylation, and protein-protein association. ACh interacts with M1 and M3 receptors on endothelial cells and through the heterotrimeric protein Ga q elevates IP3 and intracellular Ca 2+ .
35
CD47 in complex with several integrins is believed to function as an atypical G-coupled protein receptor. 36 In endothelial cells, a CD47 antibody that blocked neutrophil activation also inhibited fibronectin-stimulated changes in cellular calcium. 37 Expanding upon these findings, our results support a novel role for TSP1 in regulating calcium in endothelial cells. Interestingly, TSP1 inhibited Ca 2+ transients in endothelial cells stimulated by ionomycin, but ionomycin does not act as a simple ionophore at the plasma membrane. 38 Rather, ionomycin also increases Ca 2+ release from internal stores. Furthermore, thrombin has been shown to inhibit ionomycin-stimulated Ca 2+ flux in HUVEC, 39 indicating that physiological inhibition of this flux is possible. Blood pressure is determined by several factors including arterial tone. 40, 41 Blockade of NO production using the NOS inhibitor L-NAME leads to hypertension in animals and people. 42, 43 Hypertension in eNOS-null mice has been associated with increased TSP1 expression. 44 Conversely, a recent clinical series noted an association between patients with hypotension and abnormally low levels of circulating TSP1. 45 Consistent with the ability of circulating TSP1 to inhibit eNOS activation and endothelial-dependent vasorelaxation, TSP1-null animals treated with ACh demonstrated a significant decrease in MAP compared with wild-type mice. Intravenous replacement of TSP1 in null mice blocked the ACh-stimulated drop in blood pressure, and in wild-type and null mice both intravenous TSP1 and a CD47 antibody (that mimics TSP1) elevated blood pressure. Also we now show that in the absence of vasoactive challenge, CD47-null mice show lower resting MAP, SBP, and DBP compared with the wild type ( Table 2) . Taken together, the results presented herein suggest that circulating TSP1 provides a rheostat to limit eNOS activation and NO production and in doing so exerts a pressor activity upon blood pressure.
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